Two open reading frames (slr0115 and slr0947) in the genome of the cyanobacterium Synechocystis sp. PCC 6803 are shown to be involved in the regulation of the coupling of phycobilisomes to photosynthetic reaction centres. Homologues of these genes, called ycf27, have been found in a range of phycobilin-containing organisms. The slr0115 and slr0947 gene products are OmpR-type DNA-binding response regulator proteins. Deletion of slr0115 results in increased efficiency of energy transfer from phycobilisomes to photosystem II relative to photosystem I. Reduction of the copy number of slr0947 has the opposite phenotypic effect. We have given the slr0115 and slr0947 genes the designations rpaA and rpaB respectively. ß
Introduction
Cyanobacteria are prokaryotic organisms that perform oxygenic photosynthesis in a manner remarkably similar to green plants. Phycobilisomes serve as the major light-harvesting antenna for cyanobacteria, transferring energy to the photosystem (PS) II and PSI reaction centres [1] . E¤cient energy transfer from phycobilisomes to PSI can be observed in a PSII-free mutant of Synechocystis 6803, suggesting that phycobilisomes can interact directly with PSI as well as with PSII [2, 3] . Synechocystis 6803 is known to respond to changes in the quality of incident light by altering the ratio of PSI to PSII [4] and by a process known as state transition that regulates the interaction of phycobilisomes with reaction centres [3, 5] . These mechanisms are believed to ensure that electron transport through PSI and PSII is balanced in di¡erent light regimes.
We have been using a strategy based on the screening of random mutants with a £uorescence video imaging system to identify genes that are involved in the regulation of light harvesting in Synechocystis 6803 [6] . Here we report the identi¢cation of two DNA-binding response regulators implicated in controlling the interaction of phycobilisomes and reaction centres.
Materials and methods
Synechocystis 6803 was grown in BG11 medium [7] at 30³C under white light. Light intensity was 12 WE m 32 s 31 for liquid cultures and 5^10 WE m 32 s 31 for agar plates. Media for 6803 and 68115 were supplemented with 10 mM sodium bicarbonate and media for PsbD1CD2 3 , PS2115, PS947 and 68947 were supplemented with 5 mM glucose. Liquid cultures were grown aerobically in a shaking incubator without any gas bubbling. Kanamycin was added to media when required at 50 Wg ml 31 and chloramphenicol at 25 Wg ml 31 . Strains and plasmids used are listed in Table 1 . Genomic DNA was prepared using the Nucleon Phytopure Plant DNA extraction kit (Scotlab Bioscience). The complete sequence of the Synechocystis 6803 genome was searched and analysed at the CyanoBase site (http://www.kazusa.or.jp/cyano/). Synechocystis 6803 plasmid transformations were carried out as described by Chauvat et al. [8] .
Routine DNA manipulations were performed as in Sambrook et al. [9] using commercially available reagents. TBLASTN searches were performed at the National Centre for Biotechnology web site (http://www.ncbi.nlm.gov/).
Random insertional mutant libraries were made according to the methods described by Chauvat et al. [8] . Kanamycin-resistant colonies were screened using a £uorescence video imaging system [6] .
Cell absorption spectra, £uorescence emission spectra and pigment content were measured as described in Emlyn-Jones et al. [9] . 77K £uorescence spectra were recorded for samples at a chlorophyll concentration of 5 WM.
Intact phycobilisomes were isolated according to the method of Glazer [10] .
Results

Construction and genetic characterisation of mutants
A library of random insertional mutants in a PSIIfree strain of Synechocystis 6803 (PsbD1CD2 3 ) was screened using a £uorescence video imaging system [6] . A mutant was isolated that had increased £uo-rescence from the phycobilisome core components, suggesting that the e¤ciency of energy transfer from phycobilisomes to PSI was decreased. Southern analysis (data not shown) was used to identify an MaeI fragment containing the kanamycin cassette and £anking genomic sequence. This was cloned by marker rescue in pGEM5Zf and sequenced to deter- mine the insertion site. The open reading frame slr0115 was found to have been disrupted by an insertion of the kanamycin gene at the SalI site at position 2 996 550 (Fig. 1 ). This plasmid (pSal110-Mae1) was transformed back into Synechocystis 6803 and PsbD1CD2 3 to generate the mutants 68115 and PS2115 respectively.
The translation of slr0115 (rpaA) generates a hypothetical protein of 241 amino acids with sequence similarity to a number of putative bacterial and plastid OmpR-type regulators (Fig. 2) . These include in particular the ycf27 homologues in the plastid genomes of the protist Cyanophora paradoxa [11] , the red alga Porphyra purpurea [12] and the cryptophyte alga Guillardia theta [13] . There is also strong homology with another Synechocystis 6803 open reading frame, slr0947. This prompted us to construct slr0947 insertion mutants, 68947 and PS2947 (see Table 1 ). The structures of the slr0115 and slr0947 genes and the position of the resistance cassette insertion sites are shown in Fig. 1 .
The correct insertion and segregation of the kanamycin cassette in the genome of 68115 and PS2115 was con¢rmed by Southern analysis of MaeI-digested genomic DNA (data not shown). For 68947 and PS2947, Southern blots of SacII/XbaI-digested DNA show fragments hybridising to the probe at 3.4 kb and 2.2 kb (Fig. 1C) . A 2.2-kb band is predicted from the wild-type sequence, and is also observed in the wild-type (Fig. 1C) . The 3.4-kb band is as predicted for the insertion of a 1.2-kb cassette into the SmaI site in the gene. The presence of both bands in the mutants shows that the slr0947 gene has been correctly disrupted but the mutants have not been able to segregate, even after streaking from single colonies more than a dozen times on media containing glucose and kanamycin. This suggests that the complete loss of slr0947 is lethal under the growth conditions tested.
Whole cell 77K £uorescence emission spectra
Low-temperature £uorescence emission spectra of intact cells are shown in Fig. 3 . The excitation wavelength of 600 nm is absorbed mainly by phycobilisome components. Fig. 3a shows spectra for the PSII-de¢cient mutants, grown in the presence of glucose. The peak at 650^660 nm comes from phycocyanin and allophycocyanin, the peak at about 680 nm is from the long-wavelength terminal emitters of the phycobilisome core and the peak at 725 nm is from PSI. The 680-nm peak is somewhat higher than in wild-type cells due to the presence of some energetically decoupled phycobilisomes [2] . However, most phycobilisomes transfer energy e¤-ciently to PSI, and hence the terminal emitter £uo-rescence is much lower than in isolated phycobilisomes [2] . As compared to the parent strain, PS2115 shows increased £uorescence from the phycobilisome terminal emitters, whereas PS2947 shows decreased £uorescence from the phycobilisome terminal emitters. This suggests that the deletion of slr0115 reduces the e¤ciency of energy transfer to PSI, whereas the reduction in the copy number of slr0947 increases the e¤ciency of energy transfer to PSI. Fig. 3b shows spectra of wild-type Synechocystis 6803 cells grown in the absence of glucose and adapted to state 1 or state 2 before freezing. The spectra show the peaks seen in the PSII-free mutants ( Fig. 3a) with an additional peak at about 695 nm from PSII. PSII also contributes to the peak at 6806 85 nm. In state 1, most of the energy absorbed by phycobilisomes is transferred to PSII. In state 2, the Fig. 2 . Alignment of selected OmpR-type bacterial regulator protein sequences. Aspartate residue 65 (phosphorylation site and motifs associated with DNA binding are highlighted. Accession numbers : P. purpurea ycf27, U38804 ; C. paradoxa ycf27, U30821 ; G. theta ycf27, AF041468; P. aerugineum ompR, X62579; B. subtilis phoP, X67676; T. maritima drrA, U67196 ; E. coli ompR, P03025. proportion of energy transferred to PSII is lower, resulting in a lower PSII emission relative to PSI and the phycobilisomes [3, 5] . Spectra for 68115 are shown in Fig. 3c . This mutant performs state transitions. However, 68115 shows higher £uorescence from PSII relative to PSI and the phycobilisomes, as compared to the wild-type. The changes in the spectra are particularly striking because the PSII/ PSI ratio is lower in 68115 (see Table 2 and discussion below). This indicates that the e¤ciency of energy transfer from phycobilisomes to PSII is increased in 68115. The partially segregated 68947 mutant could only be grown in liquid culture in the presence of glucose. We therefore recorded spectra of wild-type Synechocystis 6803 grown in the presence of glucose for com- parison. These are shown in Fig. 3d . Growth in the presence of glucose prevents state transitions: wildtype cells always show quite a strong PSII £uores-cence emission. By contrast, 68947 shows virtually no 695-nm PSII £uorescence emission with 600-nm excitation (Fig. 3e) . This loss of the 695-nm PSII peak is not due to a direct e¡ect on the PSII core complex, because the 695-nm peak can be clearly seen with 435-nm excitation which is absorbed by the chlorophylls of the reaction centre core complexes (Fig. 3f ). Therefore energy transfer from phycobilisomes to PSII must be disrupted in the 68947 mutant.
77K £uorescence emission spectra of isolated phycobilisomes show that the phycobilisomes of all the mutants are functionally intact, with a large single emission peak at about 680 nm (data not shown). Table 2 shows the cell content of photosynthetic complexes in wild-type and mutant cells. The most notable changes occur in the 68115 and 68947 mutants. As judged from atrazine-binding assays and spectrophotometric measurements of P 700 concentration, 68115 and 68947 have a signi¢cantly lower PSII/PSI ratio as compared to wild-type cells grown under the same conditions. The cell content of phycobilisomes is somewhat increased in PS2115 and PS2947.
Pigment content of Synechocystis cells
Sequence similarity of ycf27 deduced proteins
Alignments of the deduced amino acid sequences of slr0947, slr0115, ycf27 and four other OmpR-type bacterial regulator proteins are shown in Fig. 2 . Some key motifs are highlighted. These include an aspartate residue [14] which is phosphorylated by a histidine kinase, and the LxxxExxxL, LR and TxxGxGY DNA binding motifs characteristic of OmpR-type proteins [15^17]. slr0115 and slr0947 encode proteins that contain all the structural elements of typical, functional OmpR-type regulators. We have sequenced partial clones (347^627 bp) of slr0947 and slr0115 homologues from the cyanobacteria Calothrix PCC 7601, Dactylococcopsis salina, Spirulina platensis and Synechococcus PCC 7002 (GenBank database, accession numbers AF135386^9 2). Comparison of the deduced amino acid sequences from either slr0115 or slr0947 shows matches of greater than 85% (data not shown).
Discussion
The two ycf27 genes of Synechocystis 6803 (slr0115 and slr0947) encode putative OmpR-type transcriptional regulators. Such regulators are invariably involved in two-component sensory transduction pathways [15] . Our results show that the products of the slr0115 and slr0947 genes in£uence the distribution of excitation energy absorbed by the phycobilisomes. An slr0115-de¢cient mutant, 68115, shows increased energy transfer from phycobilisomes to PSII relative to PSI, as compared to the wild-type (Fig. 3) . Mutants in which slr0947 is interrupted will not fully segregate, suggesting that the complete inactivation of this gene is lethal. However, the reduction in the copy number of slr0947 has a remarkably strong phenotypic e¡ect, suggesting that a delicately balanced regulatory mechanism is being a¡ected. The reduction of the copy number of slr0947 has the opposite phenotypic e¡ect from the deletion of slr0115. The 68947 mutant shows strongly decreased energy transfer from phycobilisomes to PSII relative to PSI (Fig. 3) . Comparable e¡ects can be seen when the genes are interrupted in a PSII-free background: 68115 shows decreased energy transfer from phycobilisomes to PSI and 68947 shows increased energy transfer from phycobilisomes to PSI (Fig. 3a) .
Mutation of the ycf27 genes also leads to changes in the PSII/PSI ratio ( Table 2 ). In 68115 this may be a secondary consequence of the energy transfer changes, since the PSII/PSI ratio is controlled by redox-regulated feedback mechanisms [18] . Increased e¤ciency of energy transfer from phycobilisomes to PSII relative to PSI would lead to lead to reduction of the intersystem electron carriers. This triggers a feedback control mechanism that enhances the expression of PSI components relative to PSII [18] . We have seen comparable e¡ects in mutants de¢cient in certain phycobilisome core components [19] . The inability of the 68947 mutant to segregate fully, and its inability to grow in liquid culture in the absence of glucose, suggest that the slr0947 gene product may be required for another critical process in the cell.
The lower cell content of PSII in 68947 (Table 2) could indicate some destabilisation of the PSII core complex.
We propose that the ycf27 gene products are involved in a regulatory mechanism that in£uences the distribution of phycobilisome-absorbed light energy between the two kinds of reaction centres. Since the ycf27 gene products are transcriptional regulators, this mechanism must involve the regulation of gene expression. The mechanism is distinct from state transitions, a short-term mechanism that adjusts the function of the light-harvesting apparatus on a timescale of seconds to minutes [3, 5] . We have recently identi¢ed a gene required for state transitions in Synechocystis [6] . The ycf27 gene products could be involved in a longer-term counterpart of state transitions.
We propose the designations rpaA for slr0115 and rpaB for slr0947 (regulator of phycobilisome association). The gene(s) whose expression is controlled by the RpaA and RpaB proteins remain to be identi¢ed, but it is probable that RpaA and RpaB modulate the expression of factors required to couple the phycobilisomes to PSI or PSII. Phycobilisomes isolated from rpaA and rpaB mutants are intact and show normal £uorescence emission spectra, suggesting that the phycobilisome core composition is unchanged.
Phylogenetic and gene loss analysis of chloroplast plastid sequences have shown that ycf27 was lost from the plastid genome at two branch points in the evolution of the chloroplast [20] . In both cases, the loss of ycf27 correlates with the loss of phycobilisomes, which is consistent with a role for ycf27 in regulating phycobilisome function.
Two-component sensory transduction systems are a universal method which bacteria use to respond to their environment [14] , so it is no surprise to ¢nd this system involved in the long-term adaptation of light harvesting. The mode of control of the activity of RpaA/B (presumably via histidine kinases) and their site of action remain to be elucidated.
